Introduction
Chromoionphore I (or ETH 5294, see structure in Figure 1A ) has been used as transmissive or fluorescent probe molecule in many types of hydrophobic sensor membranes, for example for sensing H + [1, 2, 3] , Li + [4] , K + [5] , nitrite [6] , surfactants [7] , or for Hg(II) [8] . Chromoionophore I is usually employed in PVC membranes but has also been shown to respond to acids in ionic liquids [9] . This versatile range of sensing applications is based on the optical response to proton or ion transfer, for example for Hg(II) detection. Corresponding detection methods based on microspheres [10, 11] and micro-optical sensors [12] have been developed.
Chromoionophore I has been used in optode membranes for pH [13] , and in optical wave-guide bio-sensor applications [14] , for example for urea determination. Sol-gel sensor structures with chromoionophor I [15] have been demonstrated.
Chromoionophore I diffusion has been investigated by potential step [16] and potentiometry methods [17] at membranes. However, electrochemical or photoelectrochemical properties of chromoionophore I have previously not been reported.
It is shown here that chromoionophore I exhibits a well-defined biphasic redox transition and protonation (corresponding to the well-known optical transition used in sensing) with a shift in reversible potential indicating the biphasic protonation process [18] . Furthermore, chromoionophor I dissolved in 4-(3-phenylpropyl)-pyridine is shown to be photo-electrochemically active. In the excited state charge separation and liquid | liquid interfacial hole-quenching by aqueous oxalate is reported. Work on both triple phase boundary ion transfer processes [19, 20] and photoelectrochemical processes [21, 22, 23] started with phenylenediamine derivatives. In previous reports photo-electrochemical processes in microdroplet media (or under triple phase boundary conditions [24] ) were found to occur within the organic phase (coupled to interfacial ion transfer) via photo-comproportionation [25] or with added duroquinol reagents [26] (see Figure 1B) . However, in order to extract redox energy from photo-electrochemical processes it is necessary for "hole-transfer" to happen across the liquid | liquid phase boundary (see Figure 1C) . This report provides initial evidence for a liquid | liquid hole transfer from a photo-excited state within the oil phase to the aqueous oxalate quencher anion. This reaction is proposed to occur within the oil-aqueous interfacial double layer. It is demonstrated that this process is suppressed by interfacial cation site blocking, for example by addition of hydrophobic PF 6 -into the aqueous phase. Implications for future photo-electrochemistry and energy harvesting processes at "soft interfaces" are discussed.
Results and Discussion

Dark Voltammetry of Chromoionophore I in 4-(3-Phenyl-propyl)-pyridine
Chromoionophore I (or ETH 5294) is a Nile blue-type dye made hydrophobic by an amide group with hydrophobic tail (see Figure 1A ). The electrochemistry of amidederivatised Nile blues has been reported [27] and the general mechanism for Nile blue (a phenoxazine mediator) reduction has been shown to follow a 2-electron pathway [28, 29] . Chromoionophore I dissolved in 4- When investigated over a range of scan rates, a linear dependency of peak current versus scan rate is observed ( Figure 2B ) indicative of rapid transport within small microdroplets. The effect of pH on the chemically reversible chromoionophore I reduction is investigated next. A shift of the voltammetric response due to involvement of protons in the reduction is observed as well as a more subtle and complicated change in peak shape (see Figure 3A ). corresponding number of electrons transferred per chromoionophore I molecule immobilised at the electrode surface (see Figure 3B ) is consistent with a 2-electron mechanism over the entire pH range studied here. Therefore mechanism A (acidic range, see Figure 3C ) can be described by equation 1.
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Here, the protonated form of the oxidised dye is reduced to the protonated leuco-form of chromoionophore I. In contrast, under more alkaline conditions mechanism B (basic range, see Figure 3C ) is operative (equation 2).
The transition from mechanism A to B occurs at approximately pH 5 (consistent with the colour change exploited in optical sensor applications, vide supra) in phosphate buffer, but the transition point is sensitive to the presence of more hydrophobic anions (similar to processes in optical sensor membranes [12] and similar to related biphasic protonation mechanisms for ferrocene redox systems [18] ). The additional broadening of both reduction and oxidation peaks and the widening of the peak-topeak separation at more alkaline pH have been attributed to a change at the PPPwater liquid | liquid interface as described previously for the pentoxyresorufin dye system [26] . Additional variability of shape and magnitude of voltammetric responses (see Figure 3B ) is mainly due to the random nature of the microdroplet formation by solvent evaporation.
Photo-Voltammetry of Chromoionophore I in 4-(3-Phenyl-propyl)-pyridine (or PPP)
Photoelectrochemical responses were studied initially with pulsed light from a halogen lamp (see Experimental) applied during cyclic voltammetry. Figure 4A shows typical data. The black curve was obtained without pulsed light and the red voltammogram shows the effect of light pulses. Photo-responses are weak but occur at potentials positive of 0.1 V vs. SCE. That is, the oxidised form of the chromoionophore I dye is photochemically active and the reduced leucochromoionophore I (with the LUMO filled) is photochemcially inactive. The experiment was repeated after addition of 10 mM KPF 6 into the aqueous electrolyte to explore the effect of hydrophobic anions (not shown). Only insignificant changes in both the shape of the cyclic voltammogram and the photo-responses were observed (a decrease in the photo-response occurs, vide infra). Therefore anion transfer at the liquid|liquid interface appears not to be important as part of both the overall dark or the photo-electrochemical mechanism. Additional survey experiments at pH 7 and pH 12 (not shown) revealed that the most clear photo-current responses are observed at pH 2, which was therefore selected for further study.
Next, photo-current transients were recorded in chronoamperometry mode at fixed potential of 0.4 V vs. SCE. Figure 4B and 4C show photo-current transients reminiscent of those usually seen at semiconductor electrodes [30] . The light-on transient is linked to a peak followed by current decay into a photo-stationary current signal (anodic). The light-off transient shows a cathodic peak followed by return to equilibrium current conditions. The peak transients are likely to be associated with charge carrier mobility effects and the development of concentration gradients in the microdroplet phase (rather than charging of a static space-charge region as seen in solid bulk semiconductors [30, 31] ). The initial peak in the light-on transient can be interpreted tentatively in terms of holes reaching the electrode surface first and causing an anodic peak [30] consistent with a faster apparent "hole" diffusion relative The concentration of the chromoionophore dye has a strong effect on the photocurrent as shown in Figure 4D . An almost linear increase is observed indicative of a direct link of Beer-Lambert light absorption by the dye in the microdroplet to the resulting photo-transient responses. Further evidence for the nature of the photo-excited species is obtained from "action spectrum" analysis. Figure 5A shows UV/Vis absorption data for chromoionophore I in PPP (i) non-protonated and (ii) protonated.
These spectral data are in good agreement with UV/Vis data reported previously in other organic solvent or membrane systems [8] . 
Photo-Voltammetry of Chromoionophore I in 4-(3-Phenyl-propyl)-pyridine
Immersed in Aqueous Oxalate
Although evidence for the photo-electrochemical chromoionophore I process is strong, there is so far no overall mechanism identifying the products of the photoanodic process. In order to clearly associate a "hole-quenching" process at the liquid | liquid interface with the photo-process further experiments were performed in the presence of oxalate anions in the aqueous phase as well-known sacrificial holequencher [32] . In acidic media the process involves irreversible formation of CO 2 . Typical photo-current transients without and with 4 mM oxalate are shown in Figure   7A and 7B, respectively. A significant increase in the photocurrent in the presence of oxalate suggests effective hole quenching at the liquid | liquid interface. Photocurrents increase significantly with oxalate concentration and then plateau at an aqueous oxalate concentration of approximately 40 mM. A step in the data at about 4 mM appears reproducibly and may be associated with localised CO 2 gas bubble formation at the triple phase boundary (see Figure 7C ). Most strikingly, the presence of a competing hydrophobic anion, such as PF 6 - , causes a complete loss of photo-activity (see Figure 7C ). This phenomenon could be interpreted as a competition for liquid | liquid interfacial binding sites (protonated PPP), where hydrophobic PF 6 -blocks the interaction of hydrophilic oxalate with the positively charged PPP oilwater interface [26] and thereby stops the interfacial hole quenching process. In addition, the PF 6 -could cause depolarisation of the liquid|liquid interface. Therefore efficient photo-currents appear to be strongly dependent on the binding interaction of the hole quencher with the interface. In future, appropriate molecular hole-quenching systems need to be developed to not only dissipate the energy (as with oxalate), but to transport redox energy across the aqueous phase into a suitable counter/collector electrode. 
Conclusions
Chromoionophore I voltammetry in the dark and under biphasic (micro-droplet)
conditions has been reported and the pH dependence has been shown to reveal a similar "switch" behaviour as that exploited in optical membrane sensing systems.
The hydrophobic chromoionophore I molecule provided a highly stable and and "holes" in microdroplets as well as liquid | liquid interfacial reactivity [34] remain open. Further comparison with literature reports on known photo-processes in polymer structures [35] and in novel graphene-based materials [36] will be necessary.
In future, liquid | liquid interface processes mimicking biological photosynthesis could be experimentally accessible via triple phase boundary photo-voltammetry and a wider range of systems including cases of interfacial hydrogen and oxygen formation will be subjected to study or screening to reveal the kinetic and thermodynamic features that are important in these light energy harvesting processes.
Experimental
Chemicals and Reagents
Chromoionophore 
Electrode Preparation and for Photo-electrochemical Measurements
The chromoionophore I/PPP micro-droplet array on a BPPG electrode was achieved by deposition of a stock solution (10 cm 3 acetonitrile, 80 mg PPP, and the required mass of chromoionophore I, plus 10 L HClO 4 70 wt%) and evaporation. Typically, a 5 L aliquot of this solution was deposited by pipette on to the electrode surface to provide a 40 nL volume final deposit of randomly arranged micro-droplets. The electrode was cleaned after each set of experiments by rinsing with acetonitrile and re-polishing with fine silicon carbide paper.
